The effects of the 1997-98 and 2002-04 El Niño on the upper waters in the continental shelf and slope regions off northwestern Baja California are explored with data from eight cruises taken in late spring from 1998 to 2004 and the summers of 1997 and 1998. Geostrophic velocities were calculated referenced to a specific volume anomaly surface separating the southward flowing California Current waters from the waters advected to the north by the California Undercurrent. The resulting fields show equatorward flow near the surface except in the summer of 1997, when a poleward jet was found in the upper 40 dbars. This shallow jet advected anomalously warm and salty waters characteristic of the 1997-98 El Niño, with its core found within 20-30 kms from the coast. By spring of 1998, the waters brought into the region by the jet had mixed across the pycnoline with the salty California Undercurrent waters below, resulting in high salinity levels on the density surfaces corresponding to the otherwise fresh California Current waters (25-26σ t ). 
Introduction
The large scale surface circulation off northern Baja California is largely determined by the southern edge of the cyclonic Southern California Eddy, located in the Southern California Bight. The southern limit of this Eddy is found around [31] [32] • N, where the California Current turns eastwards (Reid et al., 1963; Wyllie, 1966; Lynn & Simpson, 1987) , resulting in a biological and physical front known as the Ensenada Front (Pelaez & McGowan, 1986; Haury et al., 1993; Chereskin & Niiler, 1994; Espinosa-Carreon et al., 2004) . Once the waters get about 200 km from shore, a branch of the California Current continues south-eastwards along the Baja California coast, the rest turning northwards to constitute the Inshore Current (or California Countercurrent), a shallow (< 200 m) poleward flow of relatively fresh waters found within 200 km of the Southern California coast (Wyllie, 1966; Chelton, 1982; Lynn & Simpson, 1987) . At the subsurface, the poleward flowing California Undercurrent carries salty equatorial waters towards the north, its presence documented from southern Baja California to Alaska (Wooster & Jones, 1970; Chelton, 1982; Pierce et al., 2000; Strub & James, 2000) . Its core off northern Baja California is found between 150-600 m, within 20 km of the continental slope (Wooster & Jones, 1970; Lynn & Simpson, 1987; Barton & Argote, 1980) . The presence of a surface Inshore Current has not been documented off Baja California, although sustained poleward flows have been reported in the continental shelf off Tijuana (Alvarez et al., 1990) , near 30
• N and at 31.3
• N (Alvarez et al., 1984) . Since northwesterly winds dominate in the region, coastal upwelling occurs year round off Baja California (Bakun & Nelson, 1977; Lynn, 1967; Huyer, 1983; Strub & James, 2000) . As a result, salty California Undercurrent waters are brought close to the surface near the shore. The raise of the pycnocline towards the coast and corresponding upward sloping isopycnals suggest a southward surface flow, or a poleward subsurface flow decreasing in strength towards the surface. Congruous with this, various authors suggest the Inshore Current is a surfaced California Undercurrent (e.g. Lynn & Simpson, 1987; Badan-Dangon et al., 1989; Pares-Sierra & O'Brien, 1989) .
Interannual variability in the California Current System and the thermohaline conditions off Baja California are closely linked to the El Niño Southern Oscillation.
Warming of local waters constitute a typical effect of an El Niño event, which can result from either anomalous poleward advection of equatorial waters, onshore advection of offshore waters or a decrease in the local upwelling (e.g. Collins et al., 2002) . Along with biological sampling to assess vertical and horizontal distributions of larvae, hydrographic data were collected in the continental shelf and slope region in eight campaigns that took place between 1997 and 2004. The surveys started during the 1997-98 El Niño, continued through the 1999-02 La Niña, and finished sampling during the moderate El Niño that followed (Bograd et al., 2000; Durazo et al., 2001; Schwing et al., 2002; Venrick et al., 2003; McPhaden, 2004; Wolter, 2005 (Venrick et al., 2003; Huyer, 2003; Freeland et al., 2003; Durazo et al., 2005) .
In this study we investigate the effects of the last two El Niño events on the hydrography and circulation on the continental slope and shelf region between Salsipuedes, Baja California, and La Jolla, California (Fig. 1) . Special attention is given to the anomalous poleward surface jet found during the 1997-98 El Niño, which was previously reported offshore and to the north and south of the region studied (Durazo & Baumgartner, 2002; The data and methods used are presented in Section 2. The results are shown and discussed in Section 3, giving special attention to the geostrophic velocity fields, the effects of the 1997-98 El Niño, and the thermohaline conditions observed from 1999 to 2004. Section 4 offers a summary of the results.
Data and Methods
We use the Coastal Upwelling Index (CUI) calculated by the Pacific Fisheries Environmental Laboratory (PFEL) as a proxy to the wind conditions during the time of the hydrographic observations reported in this article. The CUI is the Ekman mass transport (per 100 m coastline) of surface water calculated from monthly pressure fields on a 3
• mesh grid (Bakun, 1973; PFEL, 2005 were stopped between 1000-1500 dbar. Salinity profiles were derived from the conductivity measurements using the UNESCO 1983 polynomial (Fofonoff & Millard, 1983 . For salinity calibration, water samples with Niskin bottles were collected for each cruise in a third of the stations at two depths, one near the surface and one at depth. The water samples were analyzed at the Ocean Data Facility at Scripps
Institution of Oceanography using an Autosalinometer. For detailed description on the CTD data processing and calibration, see data reports (Pineda et al., 1997 (Pineda et al., , 1998a (Pineda et al., ,b, 1999 García-Córdova et al., 2004; Pérez-Brunius et al., 2004a,b,c) .
We calculated potential density σ t and spiciness π for each cast. Spiciness is a state variable most sensitive to isopycnal thermohaline variations and least correlated to the density field (Flament, 2002) , and it has been widely used to study the characteristics and time evolution of the water masses associated with the California Current System (e.g. Chereskin & Niiler, 1994; Tisch et al., 1992; Durazo & Baumgartner, 2002; Lynn et al., 2003) . Fresh and cold waters have low π, while salty and warm waters have high values. Fig. 3 shows a summary of the hydrographic data in a T/S-diagram with the different water masses found in the continental slope and shelf region, and isolines of π and σ t . The average profile for each cruise was obtained from the mean temperature and salinity along isopycnals (Fig. 4) , while the overall average profile was the average of the mean profiles of all the cruises (Fig. 3) . This eliminates the bias towards cruises with a higher number of stations. Geostrophic calculations for the California Current System are traditionally obtained using a reference level of 500 dbar. 
where ρ(p, S, T ) is the in situ density at pressure p, salinity S, and temperature T . 
Second, we obtained the Montgomery streamfunction at δ ref , referenced to 10 dbar:
where p ref is the pressure of the reference specific volume anomaly surface δ ref .
Finally, given the assumption that the geostrophic flow at δ ref is zero, the final geostrophic streamfunction results in:
where f is the Coriolis parameter. Fig. 5 shows the maps of Ψ for each cruise at 30 dbar, illustrating the near surface geostrophic flow. Fig. 6 shows the depth of the reference surface δ ref .
Results and Discussion

Coastal upwelling
Winds were upwelling favorable throughout the period studied here, and a clear seasonal cycle shows maximum values in late spring and summer, and near zero conditions in winter ( 
Thermohaline conditions
The different water masses of the California Current System are shown in Fig. 3 (e.g. Lynn & Simpson, 1987; Tomczak & Godfrey, 1994; Durazo & Baumgartner, 2002 (2002)) is found on the eastern Suptropical Gyre, to the west of the California Current. The waters in the region of our study result from mixing of California Current SAW with waters found to the west (NPCW) and NEPW advected by the California Undercurrent (e.g. Lynn & Simpson, 1987; Chereskin & Niiler, 1994) . The average T/S-profile shows the minimum in spiciness of the California Current waters (near 25.9σ t ) and the subsurface maximum characteristic of the California Undercurrent waters (near 26.3σ t ). The intermediate surface used
as reference for the geostrophic velocity calculations (≈26.1σ t ) is shown by the black contour. The boundaries for the water masses were adapted from Durazo & Baumgartner (2002) . Our change in the upper salinity limit for SAW (33.6 rather than 34 psu as in Durazo & Baumgartner (2002) ) reflects the conditions found near the Mexico-U.S.A. border (Badan-Dangon et al. (1989) , also see Fig. 8 in Lynn & Simpson (1987) ).
Geostrophic velocities
The geostrophic flow near the surface was consistently southwards except in August 1997 ( 
Effects of the 1997-98 El Niño
Although we recognize the risk of comparing data from cruises that did not take place during the same time of the year, the conditions observed in August 1997
and April 1998 clearly stand out from the rest, and are a consequence of the strong 1997-98 El Niño (McPhaden, 1999) . August 1997 shows the spiciest and lightest waters near the surface (Fig. 4) . Salinity sections in August 1997 ( (Fig. 7) . Hence, the surface poleward flow is not the result of surfacing of the California Undercurrent, and has most likely an offshore origin, as pointed out above.
As a result, our data does not show evidence of an Inshore Current south of San Diego.
April 1998 was characterized by the spiciest waters in the density range 25<σ t <26,
showing the presence of anomalously salty and warm waters at the level of the California Current (Figs. 3 and 4) . This was also noted by in the Richardson number was calculated on each transect of every cruise:
where N 2 is the Brunt-Väisälä frequency, g is the acceleration of gravity, ρ is the in situ density, f the local Coriolis parameter, and x distance along the transect.
This number serves as a criterion for the linear stability of the geostrophic flow, which is guaranteed for Ri g > 1 (reported critical values vary between 0.25 and 1.0 (Kundu, 1990; van Gastel & Pelegri, 2004) ). Our values are generally higher than 1.5. A few sections had small regions in the upper 20 dbar where Ri g is close to the critical value, and April 1998 does not stand out from the rest as a candidate for shear instability, at least not by the geostrophic flow. Of course, using the geostrophic shear for the gradient Richardson number does not take into account several other motions that may lead to shear instability, whether they are large-scale ageostrophic components inherent to the current, or small scale ageostrophic motions (e.g. internal waves) which could certainly give raise to subcritical conditions. In fact, the strong motions common in the continental slope and shelf, induced by coastally trapped waves, upwelling, tidal forcing and internal waves could contribute with significant energy for the observed mixing.
It is common to see intrusions of salty subsurface waters across isopycnals in the (Murphree et al., 2003) .
Stratification changes
The stratification of the water column (measured by the difference between the potential density at 10 dbar and 50 dbar, Fig. 11 ) has been increasing more or less steadily since the 1997-98 El Niño. In the latter years, this is mostly due to an increasingly larger difference between the temperatures at the two levels, and is a result both of warming of the surface waters and the enhanced presence of cold and fresh Subarctic Waters below 20 dbar. We note that these changes in stratification are typical for all the transects analyzed, although we only show the results for 32.08
• N.
Summary
Summarizing the results from the analysis of hydrographic data collected between 1997-04 on the continental shelf and slope region of northwestern Baja California:
( (2002)) and Southern California during the 1997-98
El Niño. Given its high salinity and temperature, Durazo & Baumgartner (2002) suggest it originated in the Eastern Subtropical Pacific, entering the region southwest of Punta Eugenia. In addition, the jet was separated from the California Undercurrent waters by a pool of Subarctic Water, and hence this poleward flow was not due to surfacing of the California Undercurrent.
No evidence of an Inshore Current was found south of Tijuana on our surveys, suggesting that a surface counter current is not a common feature off northern Baja California.
(2) Very spicy conditions were found on the isopycnals corresponding to the fresh California Current waters (25<σ t <26) in April 1998. We attribute this to mixing across the pycnocline between the salty surface waters advected by Table 1 Dates for the Larvae in Alta and Baja California (LARBAJA) and Nearshore-Offshore Hydrodynamics and Population Ecology (NO-HYPE) cruises that collected the hydrographic data used in this study. 
